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Introduction
Infrared spectroscopy of molecular ions using frequency tunable laser radiation sources and discharges has recently been applied to many fundamental molecular ions.' Most of the molecular ions studied by this method are protonated ions HX' in which a proton is attached to stable molecules and atoms to form closed-shell structures. Because of the high proton affinities of stable molecules and atoms, the protonated ions are often the end products in the chain of molecular reactions in the discharge of H2:X mixtures.
In this paper we report our application of the same method to the open-shell OH+ molecular ion which belongs to a different category of ions. The discharge conditions to produce this type of ion abundantly are considerably different from those commonly used for protonated ions. In the discharge described later in detail, the usually strong H30+ lines are barely visible, but the lines of OH' and H20' are clearly observable. We summarize our results on OH' in this paper; the spectrum of H20+ will be published later in a separate paper.
The vibration-rotation constants of OH+ have already been well determined from the detailed study of the optical emission spectrum by Merer and his colleagues.2 The history and earlier spectroscopic papers on this molecular ion are summarized in the paper. The ground electronic state has the symmetry 32-, and therefore a triplet structure is expected. This ion has been detected in comets through the optical spectrum by Fehrenbach and Ar-pignyS3 Very recently Saykally and colleagues have observed rotational transitions of this molecule in the far infrared region by laser magnetic re~onance.~ During preparation of this paper we also learned that Dymanus and colleagues have observed the J = 1 -0 rotational transition in the submillimeter wave r e g i~n .~
Experiment
A difference frequency laser system developed by Pine6 was used as the frequency tunable infrared source. A small-bore (4 mm i.d.) water-cooled ac discharge cell with the length of 1 m was used as the absorption cell. A gas mixture of 1OO:l:l He:02:H, at the total pressure of 10 torr gave the best results. Because of the small diameter of the discharge tube, a minimum pressure of -4 torr was needed to maintain a stable ac discharge. The He:H20 mixture used by Merer et aL2 also gave absorption signals in a water-cooled cell and in a liquid-N2-cooled cell; however, both He:H20 and He:H2:02 mixtures gave weaker signals at liquid N2 temperature. The powerful velocity modulation technique introduced by Gudeman, Saykally, and others' was used to discriminate ion lines from much stronger neutral lines and to increase the detection sensitivity. The ac discharge was maintined a t the p p voltage of -7 kV and the rms current of -65 mA. Because of the small bore of the discharge cell, unidirectional multiple passing was not possible. We have also used a larger bore (12 mm i.d.) discharge cell with six unidirectional traversals at pressures from 4 to 10 torr, which led to a comparable signal-to-noise ratio. It seems that the small bore discharge cell produces an ion concentration which is several times more than the larger discharge cell, presumably because of the higher current density (-500 vs. -50 mA/cm2). Noise subtraction8 was used to reduce the laser source noise. The infrared spectral lines of C2H4 accurately measured by Pine9 were used as the frequency standard. ion. We cannot estimate the HzO+ concentration accurately because the theoretical transition dipole moment is not available, but the HzOf concentration seems to be comparable to the OH' concentration.
Observed Spectrum
The observed frequencies are shown in Table I together with the residues of the least-squares fitting. We used the MillerTownes formulae for the rotational levels of 32 molecule^^^ The determined constants are listed in Table I1 together with the earlier results of Merer et al., The accuracy of vibration and rotation constants is improved significantly except for the values of the centrifugal distortion constants. Also listed in Table I1 are the recent submillimeter results of Bekooy et al.5 which are in good agreement with our results for the ground-state constants. The constants Bo, A, , and yo determined for u = 1 and u = 0 have been used to derive equilibrium molecular constants and the vibrational dependence of these constants. The derived molecular constants are listed in Table 111 . The vibrational dependence of X and y were derived from the difference of XI and lo, and y, and yo, respectively. The difference of B, and Bo contains a significant contribution from the nonlinear term y B which has been determined to be 0.01097 cm-' by Merer et aLz The equilibrium rotational constant Be and the equilibrium internuclear distance re have been derived by assuming this value of y B ,
Formation of OH+ in the Discharge
Usually the H 3 0 + ion is the dominating ionic species in a gaseous discharge containing H, and 0,. We have seen, however, that if H, and O2 are diluted with much He, we can suppress the strong H 3 0 + signals and produce OH+ and H20+ abundantly. The OH" and H 2 0 + ions were not observed in discharges containing only H, and Oz. We have also seen that a mixture of He and a small fraction of H 2 0 produces slightly reduced OH+ and HzO+ signals. OH+ was also observed in a discharge of Ar:H2:02 = 100: 1 : 1. The pumping speed did not seem to affect the OH+ concentration critically.
Several channels can be considered for the formation of OH+ in the He:O2:HZ discharge. However, our calculation of reaction rates shows that the most efficient channel starts from the production of 0' by the ionization dissociation of 0, due to metastable He atoms and plasma electrons. This process is sloweri8 than the production of 02+ or H2+ but the resultant O+ produces OH+ very 0' + H2 -OH+ + H which is exothermic (0.6 eV) and has a Langevin rate. 19 The reactions of 02+(211,) with Hz are endothermic and require high translational energy for their efficient execution.20 It is known21,22 that much 0,' is produced in the metastable 411 state upon ionization of Oz, For such 02+ ions, the reactions with Hz are exothermic and produce H 0 2 + efficiently. However, the reactions leading to OH+ and HzO+ have been shown to be inefficient by Lindinger et al.,' The reactions of H2+ (or H3+ which is produced abundantly from H2+) with O2 are exothermic and produce 02+ and H02+ efficiently but they do not appear to break the Oz bond to produce OH+ and H20+. 24 The reaction of Hz+ and H3+ with the 0 atom to produce OH+ has the Langevin cross section but is not efficient because of the small abundance of 0 in the discharge. In the He-H,O mixture OH+ is produced directly by the dissociative ionization of H20.
The OH+ ion is destroyed either by H2 through the ion-molecule reaction
H2

OH+ HzO+ H30i
or by 0, through the charge exchange r e a c t i~n '~
The former reaction which has a Langevin rate constant (1.5 X IO+' cm3/s) leads to the H 3 0 + ion. The latter reaction interrupts the sequence of eq 2 and reduces the H 3 0 + concentration with the increased Oz+ concentration. The rate constant for the charge exchange reaction is smaller ( k -2 X cm3/s) for the ground-state O2 but is probably much larger for 0, in the metastable state which exists abundantly in the discharge. The interruption of the sequence is also effected by the ion exchange between H 2 0 + and O2 which occurs with a similar rate constant. Thus it has earlier been observedZS in the H2-02 discharge that the increased Oz concentration reduces the amount of H 3 0 + drastically. The end ion products of eq 2 and 3, H30+ and 02+, are stable and destroyed by electronic recombination and the ambipolar diffusion to the wall.
The role of He for increasing the relative concentration of OH+ and H 2 0 + must be (a) to increase the rate of 0' production by metastable He atom and by increased electron temperature (which is proportional to the ionization potentialz6) in the discharge and more importantly (b) to reduce the rates of the reactions 2 and 3 by dilution so that their rates are not many orders of magnitude larger than the destruction rates of H30+ and 02+ by electron recombination and ambipolar diffusion. For the high-pressure (10 torr) discharge in the small-bore (4 mm id.) tube, the electron density in the plasma is estimated by Ne (I/S)/eV to be -1.5
X lo', ~m -~, for the current density I / S = 500 mA/cmZ and the electron drift velocity u = 2 X lo6 cm/s (a discharge electric field of -24 V/cm was assumed. 
Introduction
The use of monochromatic photons gives the ability to impart a precise amount of internal energy to a molecule of interest. Observing the minimum photon energy sufficient to effect a given fragmentation reaction should accordingly allow accurate threshold measurements and serve as a useful source of accurate thermochemical information. In ion dissociations, the dissociation threshold can normally be considered as giving the dissociation endothermicity, since the large ion-induced-dipole potential well for the separating ion-neutral pair will usually dominate over other energy barriers in the reaction coordinate. For good-sized polyatomic ions, applying this idea has been hampered because the threshold wavelength is not manifested as a transition from dissociation to no dissociation, but rather as a transition from onephoton dissociation to two-photon dissociation. However, the understanding of two-photon dissociation processes and the tools for characterizing them, have advanced to the point that useful thermochemical applications should be practical despite this complication.
In this paper we describe the use of photodissociation spectroscopy of trapped ions to determine thermochemical dissociation thresholds for the parent ions of 1-methylnaphthalene and amethylstyrene. In addition to being ions whose dissociation thermochemistry has not been well studied by other precise techniques, these two species share the added point of interest that 'Present address: Chemistry Department, Stanford University.
0022-3654/85/2089-3617$01.50/0 in both cases the dissociation threshold is different from naive predictions, in the first case higher, and in the second case lower.
Both thresholds are so surprising as to justify the application of these powerful but difficult photodissociation methods to confirm them with high reliability. Further confidence in the values assigned can be added by confirming evidence from the very different technique of charge-exchange ionization in the fragmentation threshold region.
1-Methylnaphthalene can be thought of as a benzo analogue of toluene, and the dissociation of its parent ion by loss of hydrogen (eq 1) should be analogous to the well-studied dissociation of 1983, 105,4205.
